In normal-weight subjects, resting energy expenditure (REE) can be accurately calculated from organ and tissue masses applying constant organ-specific metabolic rates. This approach allows a precise correction for between-subjects variation in REE, explained by body composition. Since a decrease in organ metabolic rate with increasing organ mass has been deduced from interspecies comparison including human studies, the validity of the organ-and tissue-specific REE calculation remains to be proved over a wider range of fat-free mass (FFM). DESIGN: In a cross-sectional study on 57 healthy adults (35 females and 22 males, 19-43 y; 14 underweight, 25 intermediate weight and 18 obese), magnetic resonance imaging (MRI) and dual-energy X-ray absorptiometry (DXA) were used to assess the masses of brain, internal organs, skeletal muscle (MM), bone and adipose tissue. REE was measured by indirect calorimetry (REEm) and calculated from detailed organ size determination by MRI and DXA (REEc1), or in a simplified approach exclusively from DXA (REEc2). RESULTS: We found a high agreement between REEm and REEc1 over the whole range of FFM (28-86 kg). REE prediction errors were À177505, À1457514 and À14171058 kJ/day in intermediate weight, underweight and obese subjects, respectively (n.s.). Regressing REEm on FFM resulted in a significant positive intercept of 1.6 MJ/day that could be reduced to 0.5 MJ/day by adjusting FFM for the proportion of MM/organ mass. In a multiple regression analysis, MM and liver mass explained 81% of the variance in REEm. DXA-derived REE prediction showed a good agreement with measured values (mean values for REEm and REEc2 were 5.7271.87 and 5.8271.51 MJ/day; difference n.s.). CONCLUSION: Detailed analysis of metabolically active components of FFM allows REE prediction over a wide range of FFM. The data provide indirect evidence for a view that, for practical purposes within humans, the specific metabolic rate is constant with increasing organ mass. Nonlinearity of REE on FFM was partly explained by FFM composition. A simplified REE prediction algorithm from regional DXA measurements has to be validated in future studies.
Introduction
Adjusting resting energy expenditure (REE) for differences in body mass and/or body composition is a fundamental prerequisite for between-subject comparison of energy expenditure. [1] [2] [3] Fat-free mass (FFM) is considered to be the best single predictor of REE. 4 However, anatomically as well as metabolically, FFM is heterogeneous. It consists of organs with a high metabolic rate (840-1848 kJ/kg/day) and it also comprises skeletal muscle (MM) or bone mass with a low specific metabolic rate (o60 kJ/kg/day). [1] [2] [3] The relative
proportions of these components are changing with increasing FFM, leaving a higher contribution to low metabolically active MM due to its disproportionate increase. 3 Therefore, the regression line of REE vs FFM has a considerable yintercept, and its slope decreases with increasing FFM. The impact of metabolically active FFM components on REE has been investigated only recently [5] [6] [7] [8] (for a review see
Müller et al 2 ). In normal-weight young adults, REE was calculated from the masses of the different tissue compartments (assessed by magnetic resonance imaging (MRI) or computer tomography (CT), and dual energy X-ray absorptiometry (DXA)) times their specific metabolic rates taken from the literature (REEc). 1 REEc was then compared to REE measured by indirect calorimetry (REEm), and had a mean prediction error of 83 6 or 96 kJ/day, 8 respectively. REEc has thus been proven to be a valid predictor of REE. In contrast to normal-weight young adults, REEc exceeded the measured value in normal-weight elderly subjects. 7 The difference between REEm and REEc correlated with heart mass, suggesting a decline in heart metabolic rates with age. 9 Organ metabolic rate is also proposed to decline with increasing organ mass. 10 This would contribute to a prediction bias (REEmÀREEc) related to organ or body weight. Thus, to investigate the validity of the organ and tissuebased calculation of REE, subjects with a wider range of FFM have to be investigated. This will also add to our understanding of the nonlinearity of REE on FFM relationship. Since the assessment of organ masses by MRI and CT is limited to a small number of scientific studies, a practical alternative to these technologies should be considered. REE prediction from DXA measurements is promising because this methodology became widespread and is less expensive. Presently, there are only a few studies comparing regional DXA measurements with REE. [11] [12] [13] When compared to the lean body mass of extremities (LBM extremities DXA ), the LBM of trunk (LBM trunk DXA ) was shown to be superior to predict REE. 13 Adjusting REE for the ratio of LBM trunk DXA to LBM extremities DXA was suggested useful for between-subject comparison of REE. 11 The prediction of REE based on LBM DXA may be further improved using prediction equa- The aim of the present study was first, to study the effect of organ mass on REE in underweight, intermediate weight and obese subjects. Our hypotheses are: (i) REE calculation from organ and tissue masses (REEc1) is equally precise in the body mass index (BMI) groups, independent from organ masses, and (ii) allows a better REE normalization for differences in body composition than adjustment of REE for FFM. The second aim was to develop a simplified REE prediction algorithm from regional DXA measurements (REEc2).
Subjects and methods
The study group consisted of 57 Caucasian subjects (35 females and 22 males) aged between 19 and 43 y, who were recruited by noticeboard postings in supermarkets and advertisements in a local newspaper. Participants were divided into three groups according to their BMI. In all, 14 females were grouped as underweight (BMIo18.5 kg/m ). Characteristics of the study population are given in Table 1 . All participants were weight stable for at least 1 week Resting metabolic rate and composition of FFM A Bosy-Westphal et al and underwent a basal physical examination (heart rate, blood pressure, blood glucose and lipid profile). Two subjects (one obese and one underweight) had elevated blood cholesterol levels (45.2 mmol/l). One obese subject had hypertriglyceridemia (42.29 mmol/l). One obese woman had a biopsy-proven diagnosis of nonalcoholic steatohepatitis (NASH). Two underweight subjects had a recent diagnosis of anorexia nervosa, based on DSM IV criteria. 15 These convalescent patients were already in ambulatory care and had BMIs of 16.1 and 17.1 kg/m 2 . Based on DSM IV criteria, the remaining 12 underweight subjects were currently free of eating disorders. The study protocol was approved by the local ethical committee of the Christian-Albrechts-Universität zu Kiel. Each subject provided informed written consent before participation.
Study protocol
Participants came to the metabolic unit of the Institut für Humanernährung und Lebensmittelkunde in the morning. REE was then measured after an overnight fast by indirect calorimetry (REEm). A detailed description of the procedure, its accuracy, precision and stability is reported elsewhere. 8, 16 Briefly, measurements were performed between 0700 and 0900 h in a metabolic ward at constant humidity (55%) and room temperature (221C). Continuous gas exchange measurements (GEM, gas exchange measurement, Europa Scientific, Crewe, England) were made for 1 h. Data obtained during the first 15 min were omitted. Calibration of the gas analysers was performed immediately before each measurement.
All participants completed a 7-day dietary record before the study. The ratio of energy intake to REE was calculated. Dietary underreporting was identified by the 'Goldberg-cut off'. 17 ) was used to analyze the dietary records. All subjects were instructed to maintain their habitual diet and weight stability (70.5 kg) was checked during recording. A free consulting service by a nutritionist was offered to each participant at the end of the study period.
Body composition analysis
Height was measured to the nearest 0.5 cm with a stadiometer. Weight was assessed by an electronic scale that was calibrated weekly and was coupled to the BOD POD s -Body
Composition System (Life Measurement Instruments, Concord, CA, USA).
Dual energy X-ray absorptiometry (DXA) DXA was performed using a Hologic whole-body absorptiometer (Hologic QDR 4500A 
Magnetic resonance imaging (MRI)
The volume of internal organs (brain, heart, liver, kidneys and spleen) was measured by transversal MRI images. The scans were obtained by a 1.5-T Magnetom Vision scanner (Siemens, Erlangen, Germany). For brain and abdominal organs, we performed a T1-weighted fast low-angle shot (FLASH) breath-hold sequence (repetition time ¼ 174.9 ms, echo time ¼ 4.1 ms, flip angle ¼ 801). For the heart, ultrashort scans were made by electrocardiogram (ECG)-triggered, T2-weighted half-single-shot turbo spin-echo (HASTE) sequences (breath hold, repetition time ¼ 800 ms, echo time ¼ 43.0 ms, acquisition time ¼ 20 ms). Cross-sectional organ areas were determined by hand. The CV for repeated-area measurements of the same scan performed by one investigator was o1%. Slice thickness ranged from 6 mm for brain to 7 mm for the heart and 8-10 mm for abdominal organs with no interslice gaps. For a detailed description of the method, see Müller et al 2 and Illner et al. 8 Volume data were transformed into organ weights using the following densities: 1.036 g/cm 3 for brain, 1.06 g/cm 3 for heart and liver, . Allometric fits include a zero y-intercept. They were used because they have been described to be the most appropriate form for scaling physiological measurements for individuals of different body sizes 23 and power laws are well established for the relation of organ mass to body mass. 
Results
Body composition analysis and dietary intake Physical and body-composition characteristics of the study groups are presented in Table 1 . Underweight, intermediate weight and obese subjects differed with respect to their FFM. LBM trunk DXA or MM DXA were not different between intermediate weight and obese subjects. Obese subjects had a higher %FM, which was not different between underweight and intermediate weight subjects. Masses of brain, heart and residual differed between groups, with brain mass being lower in obese and lowest in underweight subjects. Concomitantly, heart and residual masses increased from underweight to obese subjects. When compared with intermediate weight or obese subjects, the masses of liver, spleen and kidneys were lower in underweight subjects. In Table 2 , the correlation matrix of organs is given. All organs were significantly related to LBM DXA . The highest correlation coefficients were seen for MM DXA , heart MRI and bone mass DXA , and the lowest values were observed for brain MRI .
Expressing organ masses as a percentage of LBM revealed a lower proportion of brain mass MRI and bone mass DXA in obese subjects (2.7 vs 3.7% for brain and 9.0 vs 10.9% for bone in obese vs intermediate weight subjects, respectively, Po0.01). By contrast, heart mass MRI increased from 1.4% of LBM trunk DXA in intermediate weight to 1.6% in obese subjects (Po0.01). In underweight subjects, the proportions of liver MRI , spleen MRI and kidneys MRI to LBM trunk DXA were reduced (5.6 vs 7.7% for liver, 0.6 vs 1.0% for spleen and 1.2 vs 1.5% for kidneys in underweight and intermediate weight subjects, respectively; Po0.01). By contrast, the relative proportions of these organs were not significantly different between intermediate weight or obese participants. In Figure 1 , the allometric relationships between the masses of internal organs and LBM trunk DXA are shown for all 57 subjects. One obese women with NASH syndrome (see Methods) had a liver weight of 2.58 kg, and this value was excluded from the development of a prediction equation for liver mass based on LBM trunk DXA . The powers of the respective functions differed between individual organs (1.5 for spleen mass, 1.0 for heart mass and 0.9 for liver and Resting metabolic rate and composition of FFM A Bosy-Westphal et al kidney mass, respectively). Fractional contributions of organ masses to LBM trunk DXA showed no correlation with LBM trunk DXA .
Energy and macronutrient intake of the study groups is given in Table 3 . Energy intake was not significantly different between subjects of different BMI groups. By contrast, in underweight subjects, the percentage of energy intake from carbohydrates was higher and fat intake was lower than in intermediate weight subjects.
Measured and calculated REE
REEm was lower in underweight than in intermediate weight and obese subjects (Table 3) . This difference remained after adjusting REEm for FFM DXA (see equation (2)). There was no sex effect on REEm (adjusted REEm was 6.43 MJ/day in 21 intermediate weight and obese women and 6.16 MJ/day in 22 intermediate weight and obese men; NS). Organ-tissuederived calculation of REEc1 was similar to REEm in all study groups (difference NS). REEmÀREEc1 ranged from À1.77 to 2.11 MJ/day and was À177505, À1457514 and À14171058 kJ/day in intermediate weight, underweight and obese subjects, respectively (NS). In three obese subjects, REEm was considerably lower than the calculated value (REEmÀREEc141 MJ/day), resulting in deviations of À2106, À1636 and À1435 kJ/day. By contrast, a considerable underestimation of REEm (between 1773 and 1021 kJ/day) was observed in four obese and one normal weight subject. Between subjects with under-or overestimation of REEm, no (1)), REEadj, REE adjusted for FFM (equation (3)). Resting metabolic rate and composition of FFM A Bosy-Westphal et al difference was found in body mass and body composition. The deviation between REEm and REEc1 showed no correlation with any parameter of body composition. However, REEmÀREEc1 was significantly related to macronutrient intake. The percentage of fat intake was positively correlated with REEmÀREEc1 (r ¼ 0.32; Po0.05), while carbohydrate intake showed an inverse association (r ¼ À0.34; Po0.05). In all, 12 underweight subjects had a normal FM (18-35%). The remaining two subjects who have been diagnosed as anorectic had FMs of 8.3 and 10.3%, respectively. In these subjects, the deviation of REEmÀREEc1 was À869 and À481 kJ/day, respectively. Figure 2a shows the regression line between REEm and REEc1 for the whole group of 57 subjects. There is a good agreement of predicted and measured values with a yintercept of 1.26 MJ/day.
In the whole group of 57 subjects, FFM DXA alone explained 73% of the variance in REEm (Figure 3a) . Adjusting FFM for the proportion of MM DXA /organ mass MRI resulted in a nonsignificant y-intercept of the REEm vs FFM DXA regression line (Figure 3b) . In a stepwise regression analysis with REEm as the dependent variable and the masses of individual organs as independent variables, the final model included MM DXA and liver MRI , which together accounted for 81% of the variation in REEm. The respective equation was:
REE calculation from DXA analysis LBM trunk DXA was not superior to LBM extremities DXA for REE prediction (r ¼ 0.84 vs 0.85). The regression equations shown in Figure 1 were used to predict the masses of heart, liver, kidneys and spleen from LBM trunk DXA in a subgroup of 18 subjects, where REE is calculated based on DXA measurements. Expressing REE of the four internal organs as the sum of their REE-LBM trunk functions resulted in the following equation: sREE ðkJ=kg=dayÞ ¼1848Âð0:012ÂLBM trunk To reduce this equation, it was resolved for LBM trunk masses from all subjects and then regressed REE on LBM trunk using least-squares regression. The resulting equation for specific metabolic rate of trunk-organ mass was sREE ðkJ=kg=day À1 Þ ¼ 85:87ÂLBM trunk DXA þ 28:72 ðLBM trunk DXA in kgÞ ð6Þ
In Figure 2b , DXA-derived REE prediction (REEc2) is plotted against REEm. This REE prediction showed a good agreement, with measured values regressing to a y-intercept (1.56 MJ/day; slope of 0.73). The mean values for REEm and REEc2 were 5.7271.87 and 5.8271.51 MJ/day, respectively (difference NS). The two biases (i) bias of calculation from measured organ masses REEmÀREEc1 (À1837704 kJ/day) and (ii) bias of prediction from DXA measurements REEmÀREEc2 (À677770 kJ/day) were not significantly different in this subgroup.
Discussion
REE calculation from detailed body composition analysis Normalization of REE was historically achieved by its relation to body mass or surface area, 24, 25 (for a review, see Heymsfield 26 ). In physiological studies, these indices have already been replaced by adjusting REE for FFM or body cell and against REEc2 (equation (2)) from DXA measurements alone in 18 subjects (b). Resting metabolic rate and composition of FFM A Bosy-Westphal et al mass. 3, 4, 27, 28 However, the nonzero intercept and nonlinearity of the REE-FFM relationship introduces an arithmetic error that remains causally enigmatic and requires mathematical adjustment procedures. 4 In the present study, adjusting FFM for the proportion of MM/organ mass resulted in a constant slope and a near-zero y-intercept of the REEm vs FFM regression line (Figure 3) . Nonlinearity of REE on FFM could thus be explained by FFM composition. The analysis of metabolically active components of FFM in their contribution to REE has been proposed 10 years ago. 3 The successful reconstruction of Kleiber's law at the organ-tissue level 10 as well as the close agreement of measured and organ-tissue-based calculation of REE in studies on normal-weight subjects [5] [6] [7] [8] supported this
idea. In the present study, REE calculation from organ and tissue masses was extended to under-and overweight subjects.
The present data show a close association between REEm and REEc1 in underweight and obese subjects (Figure 2a ). There were no significant between-group differences in REEmÀREEc1 (Table 3) . In obese subjects, the mean deviation of REEmÀREEc1 was only À141 kJ/day. However, a higher standard deviation was observed in this group and REEc1 considerably over-or underestimated the calculated value in three and four obese subjects, respectively. Comparing groups of subjects with overestimated, well-predicted or underestimated REE, no systematic trend was found for any parameter of body composition. In addition, there were no correlations between REEmÀREEc1 and organ-tissue masses, FFM DXA or body weight, respectively. This finding argues that, for practical purposes in humans, there is no decrease in the organ metabolic rate with increasing organ mass, which has been deduced from interspecies comparison. 10 An overestimation of REEc1 might be due to the methodological limitations of our study. We assume a homogenous composition of organs and tissues. This might have been inappropriate in case of fatty infiltration that would reduce the specific organ metabolic rate (eg in obesity). However, this idea is unlikely to explain our findings; for example, one obese subject with a diagnosis of NASH had a liver weight of 2.58 kg. Assuming a liver-fat content of 50% as a threshold value for fatty liver, we would have overestimated REEc1 by 1.08 MJ/day (1.29 kg Â 840 kJ). In fact, the opposite was observed in this subject. REEc1 considerably underestimated the measured value by 1.02 MJ/day. This would suggest a hypermetabolic state due to the underlying hepatitis that camouflages or even overcompensates the effect of increased liver-fat content. However, hypermetabolism as defined as REEm exceeding the REE prediction, according to Harris and Benedict, by 420% 29 was not seen in this patient.
While body composition cannot fully explain the interindividual variance in REE, the remaining variance is in part related to energy and macronutrient intake. In all 11-12% of the difference in REEmÀREEc1 was mathematically explained by the percentage of fat or carbohydrate intake. This result is in line with recent reports on differences in REE between habitual high-fat and low-fat consumers. 30 However, at present, we cannot offer any plausible metabolic mechanism explaining this observation. The impact of macronutrient intake on interindividual variance in REE deserves some attention in future studies. In underweight subjects, REEm adjusted for FFM DXA was significantly reduced when compared to intermediate weight subjects (À13.4%; Table 3 ). Judging from this reference, the underweight subjects of our study have to be erroneously considered as hypometabolic, because the comparison of REEm with organ-and tissue-derived REE calculation revealed no reduced cellular metabolism in this study group. It thus becomes evident that conclusions derived from FFM-adjusted REE have to be interpreted with caution and alterations in cellular energy metabolism have to be preferably examined on the basis of metabolically active components of FFM.
REE prediction from segmental DXA measurements Although modern imaging technologies allow a precise and noninvasive assessment of organ and tissue masses, 2 these procedures are more costly, which limits their use to greater studies. Developing prediction equations for organ-tissue masses from DXA scans would thus facilitate a broader application of the organ-tissue REE approach. The 'potential of DXA for creating a metabolic map of organ-tissue REE components' was only recently investigated in a large number of subjects. 11 The proposed REEprediction equation was derived from five body components: brain, MM, AT, bone and residual mass, all assessed by DXA. This approach may be considered superior to the original three compartment DXA model. However, residual mass remained a metabolically heterogeneous compartment comprising blood volume, connective tissue, tendons, spleen, pancreas, adrenal and thyroid glands, etc. In the present study, an algorithm for predicting the specific metabolic rate of LBM trunk DXA was derived from organ masses measured by MRI in 57 subjects over a wide range of FFM. The extension of this REE-prediction approach thus contributed to an improvement of its accuracy. However, our algorithms have to be validated in an 'external' group of subjects.
In conclusion, there was a close agreement of REEm and REEc1 over the whole range of FFM. The mean REE prediction errors in intermediate weight, underweight and obese subjects were not significantly different between groups. Thus, the results of our study indicate that (i) at the cellular level, REE seems to be constant with increasing organ mass and (ii) interindividual REE differences in underor overweight are more a reflection of an altered ratio of organ-tissue mass to body size. REE calculation from regional DXA measurements might be used for adjustment of differences in body composition. The algorithm needs to be validated in future studies.
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